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INTRODUCTION 
In proof of the applicability of a testing method, a global concept of reliability of 
NDE should be used which is based on both the theoretical and experimental procedure 
demonstration. This concept includes consequently the performance demonstration of the 
whole testing chain, including the physical method, the device and the inspector, by using 
statistical methods as well as empirical data base, and the performance prediction by 
computer simulation. In addition to this, the computer modeling can be used to optimise 
testing parameters, to make feasibility analysis for special testing problems, and to support 
the interpretation of indications, especially for very complicated component geometry. 
Thus, this variety of applications makes it necessary to develop an easy and practical model 
to describe the process of radiographic testing with good accuracy and with a small 
numerical expense, which may include any component geometry and uses experimental 
findings. A macroscopic model for the X-ray projection process was developed where the 
X-ray beam and target interaction is described as a simplified transport process. The 
influence ofthe scattering effects on the imaging process can be realised with acceptable 
accuracy by using a global description. The efficiency and limits of the model are discussed 
in terms of different examples exploring the detectability of cracks with complicated 
geometry. These cracks are considered for different types of high performance materials: 
(i) composites in the aircraft and space industry sector and (ii) realistic austenitic welding 
from the nuclear industry sector. These examples will show the capability of the modeling 
tool to handle also complicated object geometries and testing conditions like double wall 
penetration and ellipsoid shot. 
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MODEL DESCRIPTION 
The physics of the X-ray projection process can be divided into three independent 
parts: (i) the generation of the radiation beam in the source, (ii) the interaction between the 
beam and the object, and (iii) the imaging process given by the film or detector properties. 
The important parameters in the initial X-ray beam description are the correct 
determination of the finite extension of the beam and its energy spectrum in case the energy 
dependence of the interaction between the X-ray beam and the material is taken into 
account. In the model presented the source is characterised by a measured focal spot 
including size and density distribution and the measured energy spectrum as initial intensity 
distribution 10 (iiJ,E). Thus the energy spectrum used in the model includes the continuous 
portion of a typical X-ray spectrum produced by the Bremsstrahlung for braking radiation 
and the discrete portion of the spectrum given by several characteristic peaks originating 
from recombination processes in the electron shells of the target material atoms. 
In analogy to the source model, the properties of the detector were taken into 
account by using transmission functions. This simplification includes the possibility of 
using different radiation detectors like radiographic films, image amplifier for real time 
radiography, and digital image plates. In case of radiographic films the characteristic film 
curves were measured for different types of film classes. The film noise is simulated by an 
amplitude modulated white noise and the inner unsharpness by Gaussian filtering. 
The statistical character of the beam and object interaction can be described by a 
quasi classical transport process given by the Boltzmann transport equation, which includes 
the scattering process and the characteristic radiation: 
o.VI(1,E,o.) + ~t(E)I(1,E,o.) = r'" dE'ldQ'~(E'~ E,o.'~ o.)I(1,E',o.')+S(1,E,o.)(1) Jo 4n 
where E, 0. and S (1, E, 0.) are photon energy, photon flight direction and photon source 
density, ~t is the interaction cross section for the photons and ~(E'~ E,o.'~ 0.) is the 
scattering cross section. The left side of eq. (1) describes the removal of photons, whereas 
the right side gives the increase of photons due to scattering processes and internal sources. 
The solution of this equation for any object geometry is very difficult and computer time 
intensive and not suitable in practice (e.g. using Monte Carlo methods [1, 2]). The most 
easy approximation is to neglect the sources of characteristic radiation inside the object and 
the scattering processes [3, 4]. Then the transport equation (1) becomes a homogeneous 
differential equation. Its solution yields the well known exponential attenuation law. This 
approximation is valid when the photo absorption is dominant. Because the build up of the 
secondary radiation plays an important role, the scattering effects have to be included into 
the model anyway. These effects can in an empirical manner easily be introduced in the 
model using a global description with the help of build up factors. 
GEOMETRICAL SET UP 
The principle geometrical representation of the source S, the object 0 and the film F 
is given in fig. 1. The model considers a finite extension of the source described by n times 
m source pixels containing all information like intensity distribution and energy spectrum. 
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Figure 1. Geometrical arrangement of source S, object 0 and the film F. 
The object is given by a voxel model (voxel - volume element) where every voxel contains 
the characteristic properties of the object at this volume element, e. g. absorption coefficient 
as function of location f and energy E. By using the voxel model it is possible to describe 
any object geometry including discontinuities of any type, location or orientation. The film 
or any other detector is given again by n' times m' pixels. The radiographic imaging process 
is modeled by central projection of beams starting at the n times m source pixels, which 
considers the finite extension of the X-ray source resulting in the geometrical unsharpness. 
The beams starting at a defined source point with energy E will be traced on their way 
through the object to all n' times m' possible film points. The final intensity distribution is 
given by a superposition of the contributions of all source points and all energies according 
to the normalised initial intensity distribution Io(fo,E). This procedure is called ray casting 
[5]. The intensity distribution I(f,E) in the film plane is transformed into the dose D 
considering the distance law and exposure time. 
EXAMPLES 
DIN-Penetrameter 
The discussed model was tested by comparing theoretical and experimental results 
for the DIN penetrameter (German standard DIN 54109). The results are given in fig. 2. On 
the left hand side the experimental radiography are seen together with a typical profile of 
the DIN penetrameter and on the right hand side the theoretical results. There are no 
significant differences by comparing the theoretical and experimental radiographies or 
profiles. Even the unsharpness due to geometrical effects and film properties are well 
reproduced. But note: There are only the first three wires well separated from the noise in 
the profiles, contrary to this all wires can be found in the full radiographic image. The 
reason is, that the profile does not contain the full information of the radiography. 
Nevertheless the profile may be a helpful tool for detecting sharp edges. 
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Figure 2. Comparison of experimental (a) and simulated (b) radiography and profile of 
DIN penetrameter on 10 mm steel plate (source-film distance 700 mm, 150 kV X-rays, film 
AGFAD4). 
Figure 3. Reconstructed CT data set ofC/SiC ceramic [6] with different beam angels. 
Figure 4. Comparison of experimental (a) and simulated radiography of C/SiC sample 
in 0° direction (see fig. 3). 
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Figure 5. Simulated radiographies for different beam angels (see fig. 3). 
Ceramic Matrix Composite 
The very complicated fibre structure of the C/SiC-sample (circa 3 mrn length), 
which contains a crack, you can see in fig. 3 in terms of a 3D reconstructed CT data set [6]. 
The comparison of the real radiography and the simulation was done for the 0°-angel 
direction. For the experiments a micro focus X-ray tube was used (60 kV, 0.2 rnA) with a 
source-object distance of 27.15 mm and a source-detector distance of 850.0 mrn (for more 
details see [6]). The results are given in fig. 4: In the simulation (b) the fibre structure and 
the crack geometry are good visible and no significant differences compared to the 
experiment (a) were found. Figure 5 shows the results ofthe simulation for three different 
beam angels: _8°, 0° as in fig. 4, and +8°. While the crack face is given with higher contrast 
in the _8° image compared to 0°, the crack is badly separated from the background for the 
+8° beam angel, which can be explained by the orientation of the crack relative to the beam 
angel. 
Austenitic Welding 
This example shows the results relevant for industrial testing problems in the area of 
in-service inspection with high safety demands. For this, a voxel model was generated from 
a real ground cross section from welded joints in the nuclear industry sector. A full 3D 
model of the welding can be generated from a series of ground cross sections. The welding, 
used in this example, contains a crack with a complicated path in the heat effected zone. 
The testing parameters correspond to the practical one: film focus distance 300 mrn, 150 
kV, AGFA D4 film, 2 mrn focus diameter. The resulting radiography for this realistic 
object is shown in fig. 6: (a) real ground cross section with zigzag crack in the heat affected 
zone, (b) voxel model produced from (a) by digitisation and image processing to assign the 
materials properties, and (c) - (e) theoretical radiographies for different beam angles. Two 
indications can be observed from the crack in the radiography for the 0° angle (fig. 6d) 
which can be traced back to two parts of the crack situated in beam direction. This agrees 
with the practical testing result for this zigzag crack made by SIEMENS KWU [7]. In 
addition to this different beam angles were studied (fig. 6c and e): (i) one sharp indication 
was found from the lower part of the crack for the + 10° angle, (ii) while two indications can 
be seen for the -10° angle which is comparable to the 0° results, but the indication from the 
root of the crack is broader and with lower contrast whereas the second one from the crack 
tip is sharper than in the 0° radiography. This shows, one beam angle contains not enough 
information for an unambiguous interpretation of the radiographic image. Thus, in such 
cases or for other complicated defect and/or sample geometry (e.g. a crack starting from an 
internal undercut) multi angle techniques can increase the reliability of the result's 
interpretation. 
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Figure 6. Simulated radiography of a realistic welding with a crack in the heat affected 
zone: (a) digitised ground cross section, (b) voxel model, (c) - (e) simulated radiographies 
for different beam angels (specimen thickness 10 mm, source-film distance 300 mm, 150 
kV X-rays, focus diameter 2 mm, film AGFA D4) 
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Double Wall Penetration 
A last example should show that the developed modeling tool is applicable for 
complex structures. To demonstrate this, an ellipsoid shot of a tube was chosen which 
contains a pore and a crack in the heat affected zone, which is comparable to that from the 
above discussed welding. Fig. 7 shows a 3-dimensional representation of the object: 
diameter 50 mm, wall thickness 4.5 mm. Due to the German norm DIN 54 III two 
ellipsoid shots are necessary for a complete radiographic testing of the tube. The results are 
given in fig. 8: On the left hand side the crack is visible, whereas on the right hand side the 
pore is well detected. Due to the zigzag form of the crack the X-ray tube was placed on both 
sides of the welding. As a result it was found, that in one case only one indication and in the 
other case two indications from the crack were detected which is similar to the results in 
fig. 6c and e. This result supports the conclusion drawn, that for such cases multi angle 
techniques are to be preferred. 
Figure 7. 3-dimensional representation of the object and geometrical arrangement. 
Figure 8. Results of the simulation according to DIN 54 Ill. 
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CONCLUSIONS 
An easy and practical tool for the simulation of the radiographic process was 
developed on the basis of a ray tracer considering the attenuation law and the scattering 
process in an empirical manner. The description used for the geometrical and material 
properties in terms of a voxel model allows the investigation of complex objects and defect 
structures with high accuracy. 
The discussed examples have shown that the presented model gives good results 
which are comparable with real radiography. The results discussed above have 
demonstrated the applicability of such modeling tool for performance prediction, 
optimisation of testing parameters, feasibility analysis for special testing problems and 
supporting the interpretation of testing results. 
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